A summary is given of several Rules of Thumb which can be used to predict the formation and decay of radionuclides in the structure of accelerators together with the dose rates from the induced radioactivity. Models are also given for the activation of gases (air of the accelerator vault) and liquids (in particular cooling water), together with their transport from the activation region to the release point.
INTRODUCTION
Simulation programs such as MCNPX (1) and FLUKA (see references (2, 3) and the references they contain) are now capable of giving estimates of the number and types of radionuclides created by the hadronic component of the cascades induced by high-energy particles. In assessing the problems raised by induced radioactivity, it would seem that all one has to do is run one of these programs, sum up the different isotopes produced and make the appropriate exponential corrections for the irradiation profile as a function of time and for cooling time. One can then use the spatial distribution of the concentration of these radionuclides as the source of photons in a second simulation to determine the dose-rates from this induced radioactivity.
The reality of the situation is that even with modern computers, the time taken for such a calculation is nearly prohibitive, and there is always the problem of low statistics in the regions of the cascade where one would like to determine the induced radioactivity.
Simple rules of thumb still have their uses in a number of cases: 1.
When making a first guess at the order of magnitude of a problem.
2.
When making an estimate if a computer simulation program is not available.
3.
Providing an estimate for judging if mistakes of orders of magnitude have been made in the computer simulations.
The first part of this paper summarises the simple rules that have been proposed in order to estimate both the activity levels and dose rates from radionuclides produced by inelastic interactions in high-energy cascades in the solid materials of an accelerator structure. It leans heavily on the formalism developed by Gollon (4) and on the section on Induced Radioactivity to be found in the review by Thomas and Stevenson (5) . Although mainly applicable to proton accelerators, these simple rules will enable accurate estimates to be obtained of several global quantities, such as the total inventory of radioactivity, but do not replace computer simulations of the high-energy cascade in particular elements of the structure of an accelerator where more detail may be required.
Whereas the environmental impact of radioactivity in the structure of an accelerator is readily assessed from its inventory of radionuclides, that of the radioactivity produced in air and water requires that transport models are developed which take the radioactivity from its region of production to a release point (drain or chimney). In the second part of this paper several formalisms are developed for dealing with the transport of this radioactivity.
ACTIVATION OF METALLIC STRUCTURES

Lifetime of radionuclides
Sullivan has pointed out that approximately one-half of the one hundred or so radionuclides below iron in the isotope tables have half-lives in the range 10 minutes to 10 years (6) . This is illustrated in Figure1 which is redrawn from an earlier work by Sullivan (7) . Barbier (8) extends this argument to materials whose atomic mass is both higher and lower than that of iron. This allows one to propose the following:
Rule 1: For most materials used in the construction of accelerators, about one-third to one-half of all inelastic interactions give rise to a radionuclide with a half-life between several tens of minutes and a few years.
Total radioactivity at saturation
The total quantity of radioactivity produced in an accelerator structure (magnets, shield and environment) will be related to the number of inelastic interactions produced by the proton and its cascade in the material of interest. Interactions of lower energy neutrons will contribute, but in equilibrium cascades their proportion of the total will be constant. The number of inelastic interactions can easily be determined from simulations of the cascade using programs such as FLUKA for example (2) . Calculations of the number of inelastic interactions are summarised in Table 1 . The data in this Table show that the number of interactions is not strongly dependent on the target material and is approximately proportional to the incident proton energy, as indicated by the numbers in the final column of the Table. This leads to the following:
The total number of inelastic reactions produced by a high-energy proton is approximately equal to its kinetic energy in GeV multiplied by three. Rules 1 and 2 allow one to conclude that for an incident proton beam intensity of 1 proton per second, the saturation activity in becquerels is numerically equal to the beam energy in GeV.
Photon dose-rate from small objects
In simpler, older times, one could calculate the dose rate at a certain distance from a photon emitter using the formula:
where that certain distance was a foot, C is the activity of the photon emitter, measured in curies, and E is the sum of the photon energies emitted per disintegration measured in MeV. Tabulations exist of radionuclide-specific values of the dose rate at a given distance from sources of defined activity. These k γ values are given in (8) for example, where the standard distance is the metre but the activity is still measured in curies. Certain of these k γ values are listed in Table 2 together with the sum of the photon energies weighted by their emission probability. The last column contains the k γ value divided by the energy for each radionuclide. With the knowledge that a foot is 0.305 metres, the value of k γ /E determined from the above equation is 0.55, in good agreement with the final column of Table 2 Modern tradition insists that the dose is measured in sieverts and activity in becquerels, so the best translation of the above formula into modern units that still retains some of the simplicity of the original is:
Rule 3: The dose rate in Sv/h at one metre from a photon source is equal to the sum of the photon energies in MeV weighted by their emission probability multiplied by the activity of the source in TBq and divided by 7.
A value of the mean energy emitted from components in an accelerator can be obtained from the transmission measurements of photons emitted by irradiated steel components of the CERN Proton Synchrotron (CPS) made by Goebel (9) . These transmission measurements are illustrated in Figure 2 . Examination of this Figure shows that the transmission curves lie between those for 137 Cs and 226 Ra and would roughly correspond to that for photons with an energy of 800 keV. This fact, taken with Rules 1 and 3 suggest that the saturation photon dose rate in Sv/h at 1 m from a small object is 5×10 -14 times the number of inelastic interactions per second in the object.
Photon dose-rate from large objects
Another "magic" formula, derivable from simple energy conservation, relates the dose rate at the surface of a semi-infinite slab to the concentration of a photon emitter which is uniformly distributed in the slab.
where c is measured in Bq g -1 and E is in MeV as before. For iron, unit star density production rate in cm -3 s -1 corresponds to 0.12 Bq g -1 at saturation, and so, using the information that the mean photon energy is 0.8 MeV, for an infinitely long irradiation with no cooling time the surface dose rate close to a slab in which unit star density is produced per second is:
It has been traditional to refer dose rates to an irradiation time of one month and a decay time of one day, which is lower by about a factor of three than the dose rate after an infinite irradiation and no cooling time in the case of iron. This dose rate from unit star density is referred to in the literature as the ω-factor, which as the above argument shows will have a value of 10 -8 Sv h -1 for unit star-density production rate. ω-factors for other materials have been determined by Höfert (11) and are listed in Table 3 .
To summarise then:
Rule 4: For iron as an irradiated material, the photon dose rate close to the material in Sv h -1 is approximately 10 -8 times the density of inelastic interactions in cm -3 s -1 .
Rules 3 and 4 allow one to determine the photon dose rates close to targets or bulky objects intercepted by the beam. Sometimes a cascade calculation may be necessary to determine the inelastic interaction density.
There are now better means available for determining the dose rates from star densities. The program FIASCO (12) FLUKA Induced Activity Shielding in Combinatorial geometry) by Huhtinen is still based on star densities and ω-factors, but considers 3 photon energies and includes photon transport (attenuation and build-up) using the FLUKA geometry.
Dose-rates from thin objects
There are certain circumstances when the dose rate produced by electron-emitting radionuclides can be important. One of these is the case of an irradiated thin foil. Following Sullivan (13) the β -dose rate from a thin foil may be written as:
where N β is the number of β -particles emitted per cm 2 per second and (dE/dx) β is the average stopping power in MeV cm 2 g -1 . The corresponding photon dose rate is:
where N γ is the number of photons emitted per cm 2 per second, E γ is the average photon energy and µ is the mass energy attenuation coefficient in cm 2 g -1 .
The ratio of the dose rates is given by:
which for the case of N β /N γ = 1, (dE/dx) β = 2 MeV cm 2 g -1 , E γ = 1 MeV and µ = 0.03 cm 2 g -1 gives:
The ratio is not as high as this in practice for several reasons. Self-absorption of electrons even in very thin foils reduces this electron dose rate, electron capture is often a competing mode of decay and finally the gamma dose rate may be enhanced by positron capture and annihilation. Sullivan has reported measurements of this ratio for 0.1 mm thick foils of aluminium, steel and copper, giving values of 12, 7 and 9 respectively (14) . The value of the ratio between the beta and gamma dose rates is evidently a function of the thickness of the foil. Sullivan (13) suggests that whereas the beta dose rate will increase only slowly with foil thickness, the gamma dose rate will be nearly proportional to foil thickness. He predicts that the electron and photon surface dose rates will be nearly equal for foil thicknesses of about 1 mm.
Extreme caution must be used when standard survey instruments are used to assess the hazard from thin foils. The surface dose rates may be underestimated by a factor as high as 200, and dose rates at 30 cm from the foil may be 10 4 times lower than the surface dose rate (14) .
These considerations can be summarised in the following:
Rule 5: For thin objects (thickness less than 0.1 mm), the beta dose rate at the surface of the object may be some 50 times higher than the gamma dose rate. Dose rates indicated by some standard survey instruments may underestimate the surface dose rate by as much as a factor of 200.
Effective half-life
Sullivan and Overton (7) have described an analytical method of predicting the variation of dose rate from induced radioactivity with irradiation time T and cooling time t. They showed that:
where B is a constant of proportionality and φ is the irradiating flux density.
It is interesting to explore the asymptotic values of the Sullivan-Overton formula with respect to T and t (13) . When the cooling time is long compare to the irradiation time, we have:
i.e. the dose rate is inversely proportional to the cooling time. When the irradiation time is long compared to the cooling time, then:
a relationship which gives a logarithmic decrease with cooling time.
It has long been a common assumption that the effective half-life of the dose rate from induced radioactivity is approximately equal to the cooling time. (In physical terms this means that the radionuclides with short half-lives will have already decayed and those with long half-lives will not yet be contributing to the dose rate). This common assumption was justified by Freytag (15) . Differentiating the Sullivan-Overton formula we obtain:
This gives an effective half-life of:
where x = T/t. For values of x of 0.1, 1.0 and 10, T 1/2 is 0.7, 1.0 and 1.7 times t respectively, showing that the common assumption has some more rigorous justification, giving:
Rule 6: The effective half-life of the activity induced in most accelerator components, concrete excepted, is approximately equal to the time since the accelerator was switched off.
ACTIVATION OF OTHER MATERIALS
This subject was dealt with in a very comprehensive way by Barbier (8) . The variation of the photon dose rate per unit mass of irradiated material as a function of atomic number is illustrated in Figure 3 , based on the work of Barbier. Trends are not very dependent on the cooling time. The remanent dose rate is at its maximum for elements with an atomic number close to that of molybdenum: at lower atomic numbers there is a minimum in the region of calcium. Barbier suggested that this could be put to good effect by using marble as an external face to permanent shielding around radioactive accelerator items. Höfert's measurements summarised in Table 3 suggest that the reduction in dose rate could attain two orders of magnitude over the dose rate from iron. For irradiated aluminium the remanent dose rate after several hours cooling will come entirely from isotopes of sodium. Lower-Z materials produce mainly short-lived positron emitters: the only photon emitter of any importance is 7 Be, but this does not contribute significantly to remanent dose rates.
Of the heavier elements, the dose rate from the radionuclides produced in lead is of importance since lead is often used a shield for photons and it is evidently more convenient to leave such shields in place during accelerator operation. Sullivan has shown that the dose rate from irradiated lead decays as t -1.4 if the irradiation time is short compared with the cooling time (16) . This is somewhat faster than the t -1.0 dependence of iron in similar circumstances. The data of Table 3 would suggest that the remanent dose rate from lead should be somewhat higher than that from iron. This is in contradiction to the work of Sullivan (16) who observed that for an irradiation time of 1 year and a cooling time of 1 month, the dose rate from lead was only one-fifth of that from steel. Further evidence is provided by the calculations of Gabriel and Santoro who compared dose rates from a heavy iron cylinder used as a beam stop for 200 GeV protons (17) . Calculations were also made for the iron cylinder surrounded by lead collars of different thicknesses. Figure 4 shows the results of the calculations. For all irradiation times and decay times considered, the lead collars substantially reduced the dose rate compared with that from the iron cylinder. In addition, the decay of the dose rate from the lead collar is faster than that for bare iron. However this behaviour depends critically on the presence of impurities in the lead, especially antimony.
RADIOACTIVITY IN AIR AND WATER
The yield, P i , of a radionuclide i, produced by a hadronic cascade in air or water can be calculated by integrating the product of the production cross-sections with the particle track-length spectrum:
where the summation is performed over all possible parent elements j and all hadron components k in the cascade. n j is the atomic concentration of the element j in air or water per cm 3 and Λ k is track-length spectrum in cm of hadrons of type k and energy E, as obtained from a cascade simulation. σ i,j,k is the cross-section for production of the radionuclide i in the reaction of the particle of type k and energy E on the nucleus j. The 39 radionuclides of interest in for air and water activation together with their energydependent production cross-sections are given in (18) .
However the main problems in assessing the environmental impact of the activation of fluids lie in choosing the correct model for fluid movement during activation and in transit to the release point. The additional problem concerning the dispersion of the radionuclides after release will not be discussed here. The simplest activation model assumes that the fluid is stationary during activation and then moves directly to the release point after irradiation. Since this involves only simple exponentials, the mathematics of this model will not be considered further. More interesting are the cases firstly where the fluid passes at a uniform speed through the irradiation region without turbulence and, secondly, where there is complete mixing of the fluid in the irradiation region and a small fraction of the fluid is removed regularly. A special case of these models is when the irradiation is a function of time.
Laminar flow model
Let the number of beam particle (protons) intercepted per second by the activating system (target) be n p which is a function of time and L be the length of the accelerator tunnel or water tube. If the total volume of the air or water circuit is V irr cm 3 and the flow rate of air (or water) through the circuit is Q cm 3 s -1 , the linear velocity of the fluid in the tunnel or pipe, v, is:
If the transit time of the fluid past the activating region is very short when compared with the time variations of the proton beam intensity, one can make considerable simplifications in the following calculations of release and concentration of radioactivity.
Release
The number of nuclei of a given radionuclide produced during a time dt in an elemental length of the activation region dx at a distance x from the end of the activating region is n p P dt dx / ", where P is the total number of nuclei of the radionuclide produced in the fluid by the loss of one proton and " is the length of the activation region. The transit time for the fluid in this elemental volume to reach the end of the activating region is x/v, and so the number of radioactive nuclei reaching the end of the activation region is n p P dt dx exp(-x/vτ)/", where τ is the mean lifetime of the radionuclide. The total activity, A, produced in the time dt in the whole activation region and which reaches the end of this region is then:
where t irr = "/v is the transit time for the fluid to traverse the activation region.
If it takes a time t d for the fluid to reach the release point, the amount of radioactivity, R, produced in the time dt and which escapes to the environment is:
The total amount of radioactivity released during one operating period, Y, is then simply:
where N p is the total number of protons intercepted by the target during an operating period.
Concentration
The concentration of a given radionuclide in the fluid at the end of the activation region is A, taken from Equation (15), divided by the volume of the fluid flowing past in the time dt. If t tot is the duration of the operating period, the average concentration during operation, a ave is then:
Complete mixing model
In this model the activity is produced in a region where there is complete mixing of the air inside the region. There is a supply of air to and an extraction of air from the region, and it is assumed that an activated nucleus has the same probability of being removed from the region no matter where it is produced. Let the volume of air cycled through the region per second be Q and the volume of the region V irr . Thus the change in the number, N, of radionuclides of a given species per unit time is the difference between the production rate and the sum of its decay and extraction rates:
P is the production per unit proton of the radionuclide, whose mean life-time is τ, by the hadronic cascade in air and can be calculated by integrating the production crosssections with the particle track-length spectrum following the usual formula. ν p is the proton interaction rate which can vary with time. For the sake of convenience, in the following λ the decay constant, will be used instead of 1/τ and Q/V irr will be defined as the air-exchange rate in the cavern m. The above equation then becomes:
which has the solution
In the trivially simple case where N = 0 at t = 0 and the p-interaction rate is a constant ν, then after a time t the number of nuclei is given by the relation:
In the more general case where N i radionuclei remain at the start of the i'th period of operation from previous periods at t = 0:
Concentration
The total activity in the volume of the region is thus λN and its concentration λN/V irr .
Release
The activity of a given radionuclide extracted from the activation region is mλN, where N is given by equation (22). Thus the rate of release in Bq per second of the radionuclide is:
where t d is the decay time during which the activated fluid passes through the ducts from the activation region to the outside world.
The total activity released during the i'th operation period which lasts for a time t on is obtained by integrating the above equation:
At the end of the operation period, the number of radionuclei in the activation region, N i ′ is given by substituting t on into equation (23) . If the time between operation periods is t off , the number remaining at the start of the next period of operation is simply:
where the air-exchange rate during the down-time between operation periods, m off , could well be different from the value of m during operation because of a different ventilation rate Q off .
The total activity vented after the i'th operation period during the time between periods is:
In the calculation of the total release in one year of operation the contributions from successive periods are summed up:
remembering that after the final fill the integration in equation (27) has to be taken to infinity rather than to t off . Table 3 Factors for converting star density production rate to remanent dose rate. Table 1 : Star production in various materials as a function of incident proton energy Table 2 : k γ factors in rad h -1 at 1 metre Table 3 : Factors for converting star density production rate to remanent dose rate.
FIGURE CAPTIONS Figure 1 : Cumulative percentage of radionuclides with mass number smaller than that of iron and whose half-lives are smaller than the corresponding value on the x-axis Figure 2 : Absorption curves for photons in lead. Curves for irradiated iron objects taken from (9) . a is an average of un-collimated sources, b is an un-collimated view of the short straight-section 58 and c is a collimated view of a septum in the same straight-section. Isotopic data are taken from ICRP Publication 21 (10) . Figure 3 : Calculated variation of the remanent gamma dose rate at a distance of 1 m from 1 g of an irradiated element with the atomic number of the element, based on data from Barbier (8) . The element was assumed to be irradiated in a 2.9 GeV proton fluence rate of 10 6 cm -2 s -1 for 5000 days. Solid points are for a cooling time of 1 day; open circles are for a cooling time of 30 days. 
